We demonstrate Rabi oscillation of a resonant two-photon transition in a three-level ladder-type quantum system of gaseous rubidium atoms induced by a single femtosecond laser pulse. For this, we shape the flat-top spatial profile of the laser pulse and perform the ultrafast population cycling of the atoms as a function of pulse energy. The experimental result confirms that the Rabi frequency of the transition from a ground state to a final state depends linearly on the pulse area, although the transition is a two-photon process. © 2012 Optical Society of America OCIS codes: 320.5540, 020.1670, 320.0320.
Coherent manipulation of a quantum system by light is substantial fulfillment for the implementation of quantum information processing [1, 2] . For the coherence control of quantum dynamics, the use of the ultrafast laser technique and its time-resolved capability has attracted considerable interest because of its potential applications for quantum gate operations in femtosecond time scale [3] [4] [5] . In particular, the coherence control among the broad spectral components of ultrafast laser pulses as well as their coherent interaction with quantum systems enables implementation of on-demand quantum interferences among multiple transition passages of the systems and, thereby, provides a powerful optical means of quantum state preparations, especially, in multilevel systems [6] [7] [8] [9] [10] .
As an example of ultrafast coherent control of multilevel quantum system, we consider optical Rabi flopping [11] , a notably important feature in quantum control and quantum computing and, therefore, studied and used extensively in quantum systems ranging from atoms and molecules to semiconductors and nanomaterials [12] [13] [14] [15] [16] [17] [18] . Optical Rabi flopping, or optical Rabi oscillation, is an oscillatory behavior of the transition probability occurring in the coherent interaction regime of an oscillatory optical field with a two-level quantum system [11] , and the transition probability alternates from zero to unity at a Rabi frequency Ωt μAt ∕ ℏ, where μ is the coupling strength between the states and At is the electric field envelope. Although optical Rabi flopping has been widely studied with continuous, or quasimonochromatic pulsed, electric fields, ultrafast laser pulses have only recently been considered with multilevel system experiments [12] .
In this Letter, we present an experimental demonstration of Rabi oscillation in the resonant two-photon transition of a three-level ladder-type quantum system. The system under consideration comprises a ground energy state jgi, an intermediate energy state jii, and a final energy state j f i. When both the transitions jgi → jii and jii → jei are resonantly driven simultaneously by a single laser pulse of a finite spectral bandwidth, (i.e., the twophoton transition jgi → jf i is strongly coupled with the resonant intermediate energy state jii), Rabi oscillation can occur collectively among the constituent energy states in this energy level configuration. The bare Rabi frequency Ω gi , between jgi and jii, is shifted due to the presence of the interaction with j f i, and likewise the two-photon Rabi frequency Ω gf , between jgi and jf i via jii, becomes exactly the double of the shifted one-photon Rabi frequency Ω 0 gi . The transition probability amplitude from jgi to jf i via jii can be obtained from the time-dependent Schrödinger equation [19, 20] as
where
At ∕ ℏdt 0 are the pulse areas and μ ig;f i are the dipole moments between jgi and jii, and jii and jf i, respectively. It is worth noting that, despite the fact that the given transition is two-photon process, the oscillation frequency in Eq. (1), Θ total
q , depends not on the intensity, but on the electric field, or the pulse area.
Experiments were performed with rubidium (Rb) atomic vapor, and the three-level energy-ladder system consisted of the 5S 1 ∕ 2 , 5P 3 ∕ 2 , and 5D energy states that correspond to the ground, the intermediate, and the final states, respectively (see Fig. 1 ). The coherent transition of 5S 1 ∕ 2 → 5P 3 ∕ 2 → 5D was achieved via two-photon absorption of ultrafast laser pulses. We used a Ti:sapphire laser amplifier system producing 35 fs pulses with a pulse energy of up to 500 μJ at a repetition rate of 1 kHz. The spectrum of the laser was centered at 778 nm with spectral width of 26 nm. Generic Gaussian laser pulses do not exhibit Rabi oscillation, but rather a monotonic increasing behavior, when interacting with uniformly distributed atoms, because of the spatial averaging effect resulting from the electric field distribution in transverse direction. Therefore, the laser beam profile needs to be modified to a flattop. In our experiment, the flat-top spatial profile was implemented by a beam shaping apparatus that imaged a clipped Gaussian beam with finite-size lenses, and the interference between the diffraction fringe of the clipped Gaussian laser beam resulted in the flat-top profile. As shown in Fig. 2 [21] , the focused beam shape U f x; y at the measurement spot is given by
wherehx; y is the point-spread function of imaging and U i x; y is the spatial profile of the clipped Gaussian beam. Ashx; y of a finite lens is determined by an Airy disk with its extent given by 1.22Rλ ∕ D, with the given focal lengths of the lenses and the pinhole diameter, which are chosen in avoidance of the nonlinear effect at the beam focal point, numerical calculation predicts that the flat factor hΔIi ∕ hIi of a less than 3.5% is achieved when d ≈ 10Rλ ∕ D is satisfied (i.e., about 10 Airy side lobes cover the focused spot). The constructed beam profile was first tested with a charged coupled device (CCD) camera, which temporally replaced the Rb cell. The recorded spot was located at the center of the Rb cell and also in the image plane of our beam shaping apparatus. Figure 2(a) shows the flattop beam profile recorded with the CCD. The intensity distribution shown in Fig. 2(b) indicates that the intensity distribution was concentrated within 5% range. For comparison, the transverse intersections of the beam center of the flat-top beam and the unclipped Gaussian beam are both plotted in Fig. 2(c) . As a result, a flattop beam of 200 μm size, which corresponded to the half of the Gaussian width of the unclipped beam, was constructed. It is noted that the intensity at the beam center was slightly lowered due to the interference, and the intensities of the edge were slightly increased. Furthermore, the broadband nature of the ultrafast pulse removed local intensity spikes, which remained in the numerical simulation carried out with a monochromatic source.
The experimental result of ultrafast Rabi flopping performed with the laser pulses of the prepared flat-top spatial profile is shown in Fig. 3 . The population of the 5D state was measured as a function of pulse energy by detecting the fluorescence signal decayed from 6P 3 ∕ 2 to 5S 1 ∕ 2 with a photomultiplier tube (PMT) passing through a 10 nm band-pass interference filter centered at 420 nm. We collected the fluorescence signal only from the flat-top region of 200 μm diameter using an imaging apparatus consisting of a 50 mm focal length lens and a 1 mm diameter aperture. It is noted that the DC-like increasing behavior of the experiment resulting from the back reflection at the exit surface of the Rb cell was subtracted by filtering out the lower frequency components less than one tenth of the observed oscillation. The pulse energy was varied by translating a variable neutral density (ND) filter (optical density is from 2.0 to 0.04) from 0.4 to 40 μJ, whose variation corresponds to 3.5 Rabi cycles of Θ total in Eq. (1) .
The 5D population measurement, depicted with brown squares in Fig. 3, is compared laser intensity predicts that the oscillatory behavior and its period are in accordance with the measurement. Further, when we take into account the intensity distribution of the actual laser beam measured in Fig. 2(b) , the refined numerical calculation (black solid line) shows a good agreement with the experimental result. It is noted that the linear response region (region 2 in Fig. 3 ) starts from the pulse area of 0.7π due to the maximal optical density (2.0) of the ND filter, and the experimental data in region 1 was not obtained. The deviation of the Rabi oscillation from the simple sinusoidal shape in region 3 was not due to the Bloch-Siegert shift (i.e., no RWA), as this shift was under 5% of the oscillation frequency for the highest intensity in our experiment. The Rb atom density was 7 × 10 9 cm −3 , so the atom number in the interaction volume of 3 × 10 −5 cm 3 was 2 × 10 5 . Therefore, the experimental condition did not reach the superfluorescence threshold [22] . Also, because the oscillation behavior could be significantly affected from the spectral phases, the laser pulses were strictly kept in Fourier transform limit by checking the spectral chirp with a self-diffraction-type FROG [23] . The measured linear chirp value was less than 100 fs 2 . It is speculated that the combined effects of dynamic Stark shift and the 5P 1 ∕ 2 → 5D 3 ∕ 2 transition contributed to the experiment and the simple three-level model failed in region 3.
In summary, we have considered the Rabi oscillation of a resonant two-photon transition, appearing in the ultrafast optical interaction with a three-level energyladder system. By shaping the beam profile from Gaussian to flat-top, the interaction between the laser pulse and the gaseous atomic Rubidium has been performed at constant electric field at a given laser pulse energy, and the 3.5 cycles of oscillatory ultrafast Rabi flopping within the 35 fs pulse duration have been clearly observed.
